Introduction
X-ray absorption fine structure (XAFS) near the Ti K absorption edge is often used to identify the coordination number and the short-to-middle-range structure of the absorbing Ti atom in titanium oxides synthesized as high-activity photocatalysts. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] To this end, the X-ray absorption near-edge structure (XANES) region is more important than the extended X-ray absorption fine structure (EXAFS) region, providing a fingerprint from which the steric structure and coordination number of the Ti atom in synthesized titanium oxide samples can be deduced. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In particular, the pre-edge region is used for feature analysis [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and in studying the electronic properties. [16] [17] [18] [19] [20] [21] [22] The theoretical analyses of the Ti K-edge XANES region as reported by Brydson et al. 16 and Poumellec et al. 17 have provided peak assignments and electronic structures, and have made it possible to do the feature analysis by the fingerprints. On the basis of such theoretical analyses, Farges et al. 12 have found a quantitative relation between peak energy position and height, from which the Ti coordination number in minerals can be deduced. Luca et al. 8 have also related the ratio of two peak intensities corresponding to five-and six-coordinated Ti components with the mean particle diameter of the titanium oxides.
Thin films of titanium oxide suitable for use as a photocatalyst have often been made by sol-gel methods. [23] [24] [25] The films are made on a substrate such as silica glass by dip-coating or spreading of a sol of titanium oxide synthesized by the sol-gel method. The chemical states of the sol and gel are closely connected to the crystal growth in the heat treatment. 4, 9, 24, 26 The sol and gel of titanium oxide have not been studied quantitatively by Ti K-edge XANES.
In the present study, we examine the XANES spectra of the sol, gel, and xerogel obtained by a sol-gel method, and the spectra of firing samples which are precursors of anatase and rutile. We also analyze the pre-and post-edge features of the Ti K absorption edge, to obtain the local structure and chemical states around the Ti atom. For titanium oxides doped with the transition metal ions Fe(II), Ni(II), and Cu(II), the xerogels obtained without heat treatment are also examined for comparison with the undoped samples.
Experimental

Sample preparation
An amorphous titanium oxide powder and a transparent colloidal titanium oxide sol were synthesized according to the sol-gel method reported by Obuchi et al. 24 An amorphous titanium oxide precipitate was generated by adding a mixed solution of 2-propanol (IPA, 62.8 g) (Wako Pure Chemical) and pure water (15.0 g) to a mixed solution of Ti(IV) tetraisopropoxide (TIP, 59.4 g) (Aldrich) and IPA (62.8 g), which had been stirred for 2 h. The suspension was then stirred for 4 h at 5˚C, filtered and washed with pure water. An amorphous powder was obtained after drying at 100˚C for three days. An orange-colored titanium oxide sol was produced by dissolving the amorphous powder (1.0 g) in 31% hydrogen peroxide (20 ml) (Mitsubishi Gas Chemical). The sol was stirred for 2 h with cooling by ice and was then left until it had gelled. After gelation, the final titanium oxide sol was produced by further adding hydrogen peroxide (120 ml) to the gel to peptize it. The sol was stirred with cooling by ice until it turned yellow. The pH value of the sol was about 2.8. Gel was obtained by leaving this material in a refrigerator for three days prior to measurements. The xerogel was obtained by drying with an evaporator at room temperature after gelation. The xerogel was fired at 200, 300, 400, 500, and 600˚C using a muffle furnace; these are denoted "xero-200" and so on.
A 5 wt% Ni(II) ion-doped titanium oxide sol was obtained by adding an aqueous solution of Ni(NO3)2 (Wako Pure Chemical) to the above sol. A 5 wt% Fe(II) ion-doped titanium oxide, and a 5 wt% Cu(II) ion-doped titanium oxide were obtained by adding pure water to the mixed IPA solution of TIP and Fe(CH3COO)2 (Wako Pure Chemical), and of TIP and Cu(OCH3)2 (Aldrich), where each of TIP, Fe(CH3COO)2, and Cu(OCH3)2 had previously been dissolved in IPA. These metal ion-doped sols were not transparent and gelled rapidly. The xerogels were obtained by the same procedure as described above, and are denoted as xero-Ni, xero-Fe, and xero-Cu.
XANES measurements
XANES spectra of the Ti K absorption edge were measured in transmission mode on the BL7C with a two Si(111) crystal monochromator at the Photon Factory, KEK, Tsukuba, Japan. 27 During the measurements, the Photon Factory was operated in single-bunch mode, the storage-ring energy was 2.5 GeV, and the current decayed from 68.8 to 31.3 mA. Data were collected using a 17 cm long ion chamber filled with mixed gas (30% N2 + 70% He) for the incident X-ray intensity, and a 31 cm long ion chamber filled with 100% N2 gas for the transmitted X-ray intensity. The spectral acquisition range was 4560 to 5810 eV. The range from 4950 to 5050 eV was counted at intervals of 0.4 eV. The data accumulation time was 1 s/step for powder samples, and 3 s/step for sol and gel. High harmonics were removed using a focusing double mirror and by detuning appropriately. The absorption-edge energy was calibrated using Ti foil. Figure 1 shows the Ti K-edge XANES of the sol, gel, and xerogels with and without heat treatment in the range 4950 -5050 eV, together with the spectra of anatase, rutile, and amorphous specimens. The edge jump for each spectrum was normalized in average intensity over the range 5600 -5810 eV after subtraction of each background absorption by fitting the ranges 4570 -4940 eV and 5200 -5810 eV using a dual polynomial. Attributions to electron-transitions of the features labeled by A, B, C, D, and E have been reported elsewhere [16] [17] [18] [19] [20] [21] and are not considered in detail below. The XANES features can be roughly distinguished into the non-firing (a -c) and firing (d -h) samples. Miyanaga et al. 28 have reported that the intensity of the pre-edge peak, which corresponds to feature A in Fig. 1 , from Ti K-edge XANES for PbTiO3 is related to the distortion of Ti atoms from the oxygen octahedron; the smaller the distortion, the weaker the peak intensity. The arguments suggest that the non-firing samples have symmetric structures to Ti atoms, whereas the firing samples have distorted structures. The relative intensities of the D and E peaks for the non-firing samples reduce in the order: sol, gel, and xerogel. The ratios of the intensities between the D and E peaks similarly reduce, and the ratio consequently approaches that of xero-200 (d). The sol is yellow in color, which implies that peroxide species such as -OOH, as well as -OH, chemically adsorb at the surface of the fine particles; It is possible that the non-firing samples are not wholly amorphous. Figure 2 shows the Ti K-edge XANES of the xeroNi (x), xero-Cu (y), and xero-Fe (z) without heat treatment in the range 4950 -5050 eV, along with spectra of anatase and amorphous. The XANES spectra were normalized using the same procedure as described above. The spectral feature for xero-Ni is similar to that for the non-firing xerogel, whereas those for xero-Cu and xero-Fe are closer to that for anatase than for amorphous. The results show that the Ti-O-Ti linkages that form anatase involve the doped transition metal ions. In this case, Cu(II) and Fe(II) lead to more ready dehydration than Ni(II), resulting in an incomplete anatase structure.
Results and Discussion
The pre-edge range (4960 -4975 eV) labeled A and B in Figs. 1 and 2 is magnified in Fig. 3 . Visual inspection suggests that feature A comprises a few pre-edge peaks. These spectra have been decomposed into a number of lines of Gaussian shape after the background for all pre-edge features was fitted by polynomials, so as to extract the energy and height of the peaks. The line shapes fitting the pre-edge features were labeled PA1, PA2, PA3, and PB with increasing energy; no PA3 peak is seen in panels a, b, c, and x. Table 1 shows the energy and height of each peak for these pre-edge features. According to the diagram of pre-edge height versus energy for the Ti K absorption edge summarized by Farges et al., 12 the pre-edge features indicate that none of samples predominantly contain a four-coordinated structure.
For comparison of the intensities of the samples in Table 1 , the intensity ratios between the peaks were estimated. Peak PB has been assigned to transitions to Ti 4p-4s hybridized states and is different from the other peaks, PA1, PA2, and PA3, which are assigned to transitions to Ti 3d-4p hybridized states. 16, 18 Thus, the PB peak is suitable for comparison with the other peaks because it is independent of the behavior of the 3d electrons. Intensity normalized by the PB peak also facilitates comparisons among samples. Table 2 shows the intensity ratios of the PA1, PA2, and PA3 peaks to PB for each sample. For the undoped and non-firing samples (a -c), the ratios IPA1/IPB and IPA2/IPB increase in the order: sol, gel, and xerogel. This trend indicates that evaporation of solvent and/or a dehydration reaction occurs, and that Ti-O-Ti linkage thus increases. These samples have five-and six-coordination by -OH and the peroxide species -OOH. Thus, the ratios increase with the strength of interaction between a center and the neighboring Ti atoms, as argued by Ruiz-Löpez and Muñoz-Páez. 20 In the undoped and firing samples (d -h), xero-200 is distinct from the others based on IPA2/IPB and IPA3/IPB, and is considered as an intermediate structure between amorphous and anatase. The particle size of xero-200 should therefore also be intermediate between amorphous and anatase; xero-200 has more fivecoordination than six-coordination relative to the other firing samples. The ratios IPA2/IPB and IPA3/IPB, and the energy for the firing samples except for xero-200, are similar to the values for anatase, indicating that the anatase structure built up by the present sol-gel method is stable over a broad temperature range. Similar reasoning applies to the transition metal-doped and nonfiring samples (x -z). The IPA1/IPB and IPA2/IPB ratios of xero-Ni are larger than those of the xerogel, indicating that further evaporation of solvent and/or the dehydration reaction progresses and the strength of Ti-Ti interaction increases. Copper(II) and Fe(II) ions have more capability for involvement in dehydration in the sol-gel process than the Ni(II) ion. The IPA1/IPB, IPA2/IPB, and IPA3/IPB ratios for xero-Cu and xero-Fe indicate that xero-Cu and xero-Fe have an anatase-like structure even in the absence of heat treatment. This structural detail of xero-Cu and xero-Fe has not been determined previously.
In conclusion, the pre-edge features of Ti K-edge XANES have provided: (i) the Ti-coordination number, based on the plot of peak energy versus height; (ii) estimates of distortion, using the intensity ratios between pre-edge peaks; and (iii) the Ti-Ti interaction strength from the rise and fall in peak intensity in the whole pre-edge region. The local structure around Ti in 807 ANALYTICAL SCIENCES JULY 2005, VOL. 21 solution and in solid has been determined in detail by considering these components of the pre-edge peaks. Post-edge features of Ti K-edge XANES support the local structure of Ti deduced from the pre-edge peak analysis; information from preand post-edge regions combine to provide reliable information on the local structure around Ti atoms. The samples measured here can accordingly be classified into three groups from the data obtained: (i) a weak Ti-Ti interaction group, including the sol, gel, xerogel, and xero-Ni; (ii) an anatase-like structure group including xero-200, xero-Fe, and xero-Cu; and (iii) an anatase group, that includes xero-300, xero-400, xero-500, and xero-600. In the future, analysis of pre-and post-edge features of Ti K-edge XANES measured for one particle and using a time-resolution method will provide further information, since the data contain important feature changes. Table 1 Peak energy position and height from analysis of the pre-edge feature using Gaussian functions as shown in Fig. 3   (a 
